The two most recent significant advances in pituitary surgery have been the endonasal endoscopic approach and intraoperative magnetic resonance imaging (IMRI). Each provides improved visualization of intra-and parasellar anatomy with the goal of attaining a complete resection. The combination of the two techniques has not been previously reported in the literature. METHODS: We performed endoscopic, endonasal resection of pituitary macroadenomas in 15 patients using the Polestar N-10 (0.12T) IMRI (Odin Medical Technologies, Inc., Newton, MA). Eleven patients had nonfunctioning tumors, three had acromegaly, and one had a medication-resistant prolactinoma. The effect of the magnetic field on the cathode ray tube screen and the image quality of the IMRI images were assessed. The presence of residual tumor on IMRI was noted and then re-examined with the endoscope. RESULTS: Although the Polestar N-10 is a low Tesla magnet, the IMRI caused significant distortion of the cathode ray tube screen regardless of the viewing angle. This was overcome with the use of a wall-mounted plasma screen. IMRI images were obtained in all cases and were of sufficiently high quality to demonstrate adequate decompression of the optic chiasm and the removal of all suprasellar tumor. In three cases, residual tumor was found with IMRI that was resected endoscopically before the completion of surgery. In four other cases, potential residual tumor was examined endoscopically and found to be normal postoperative change. In eight cases no residual intrasellar tumor was seen on the IMRI. Preresection visual deficits improved in all cases and the insulin-like growth factor levels normalized in two of three cases. There were no delayed cerebrospinal fluid leaks. CONCLUSION: Combining intraoperative endoscopy and IMRI is feasible and distortion of the cathode ray tube screen can be overcome with the use of either a plasma or liquid crystal display screen. Each technology provides complementary information, which can assist the surgeon in safely maximizing the extent of resection. In this small series using a low-field magnet, rates of residual tumor following endoscopic transsphenoidal surgery were less than have been reported following microscope-based transsphenoidal surgery.
R
ecent advances in surgical technology have had a major impact on the neurosurgical treatment for pituitary adenomas. Starting with the introduction of the transsphenoidal approach by Schloffer (25) and Cushing (8) , in the early 1900s, followed by the addition of the operating microscope and fluoroscopy by Hardy (14) 60 years later, neurosurgeons have continued to attempt to make pituitary surgery less invasive and more effective. Arguably the two most important recent developments in this field are the endoscopic endonasal approach and the use of intraoperative magnetic resonance imaging (IMRI).
The endoscopic endonasal approach to the sella is performed with a rigid Hopkins rod endoscope advanced though the ostium of the sphenoid sinus without damaging the nasal mucosa. There is less postoperative swelling, nasal packing is avoided, patients are more comfortable postoperatively and most importantly, with the use of angled endoscopes, intrasellar visualization is dramatically improved as compared with the microscope (3-7, 12, 16-19, 24, 27, 28) . The IMRI, on the other hand, offers improved visualization of residual tumor that may not be appreciated by the operating surgeon and has been shown to increase the extent of resection during microscopic transsphenoidal approaches anywhere from 33 to 66% of the time when surgeons take a Љsecond lookЉ at imaged residual tumor (2, 11, 20, 23) .
The combination of these two innovative technologies has not been previously reported in a systematic fashion. There is definitely a learning curve to using endoscopic equipment within, or near, a magnet of sufficient strength for intraoperative imaging. In particular, we found that the magnetic field distorts the standard intraoperative CRT screen used to view the endoscopic images. We investigated the effect of the magnetic field on the cathode ray tube (CRT) screen and present our solution to this problem as well as report the first series of patients in whom a purely endonasal endoscopic approach was combined with intraoperative MRI in the treatment of pituitary adenomas and evaluate the impact of each technology on the surgical resection. Owing to the low field strength of our magnet, we have limited this series to macroadenomas.
METHODS

Inclusion Criteria
Patients included in this study had intrasellar mass lesions consistent with pituitary macroadenomas. Supradiaphragmatic extension was present in all patients, which ensured that the lesion would be clearly visible with the IMRI. Patients were candidates for transsphenoidal resection of their tumors based on clinical grounds ( Table 1) . Three patients had cavernous sinus invasion. Comprehensive endocrinologic and ophthalmologic evaluation was performed before surgery in all patients ( Table 1) . Two patients were previously resected via a transsphenoidal microscope-based approach (Patients 3 and 13), one of whom was radiated with stereotactic radiosurgery (Patient 13).
Surgical Procedure
The patient was orally intubated, a foley catheter, intravenous lines and MRI-compatible electrocardiography leads were placed and attached to an MRI-compatible anesthesia machine (Datex-Ohmeda, Madison, WI). The patient's head was fixed in neutral position, slightly elevated, in an MRIcompatible headholder (Medtronic, Minneapolis, MN) after placing a disposable surface coil (Medtronic) over the crown of the head, which was left in position during the surgery (Fig.  1) . The nasal mucosa was vasoconstricted topically. Using a 0°1 8-cm 4-mm rigid endoscope (Karl Storz, Tuttlingen, Germany), the sphenopalatine arteries and middle turbinates were injected with a mixture of lidocaine 1% and epinephrine (1:100,000). Under endoscopic view, the middle and superior turbinates were retracted laterally and the sphenoid ostia were identified bilaterally and enlarged. The posterior third of the nasal septum adjacent to the vomeric bone and maxillary crest was resected using a tissue shaver. This demonstrated a panoramic view of the sphenoid sinus rostrum and the ostia bilaterally. The mucosa of the sphenoid sinus rostrum was retracted laterally and the intersinus sphenoid septum was removed with a rongeur forceps. This brought the posterior wall of the sphenoid sinus in full view. Localization was confirmed with image guidance. A 0°30-cm rigid 4-mm endoscope (Karl Storz) was introduced through the left nostril and held in place with a flexible scope holder (Karl Storz). Using the right nostril, the floor of the sella was opened with an osteotome or high-speed drill, curette and Kerrison rongeur. The dura was opened with a cruciate incision. The adenoma was identified and removed in a standard fashion using ring curettes. At the completion of the procedure, a 45°1 8-cm 4-mm endoscope was used to examine the sella and suprasellar space for residual tumor.
After completion of the endoscopic surgical removal of the tumor, careful examination for cerebrospinal fluid (CSF) leak was carried out. Abdominal fat was harvested through a 3-cm incision in the anterior abdominal wall and was used to fill the sella. The floor of the sella was reconstructed with vomeric bone. Tissue glue was used to ensure a complete seal at the posterior wall of the sphenoid sinus. A lumbar drain was placed in all patients with significant intraoperative CSF leak. The middle turbinates were medially displaced before removal of the endoscope.
Intraoperative MRI
Before bringing the patient into the operating room (OR), the daily quality assurance and shimming were performed on the magnet. The OR was shielded to reduce radiofrequency noise and all electronic equipment were unplugged during quality assurance and subsequent image acquisition. The Odin Polestar N-10 IMRI was positioned under the OR table, beneath the head of the patient (ЉhomeЉ position) and was then robotically raised into ЉscanningЉ position (Fig. 1) . The magnet reference frame and patient reference frame were placed in the line of sight of the infrared camera, which was placed at the head of the bed so as not to interfere with the surgical approach (Fig. 2) . Preresection images of the sellar, parasellar, and nasopharynx were obtained before and after the administration of intravenous contrast (Gadolinium 0.6 cc/kg) and were subsequently used for stereotactic navigation during the endoscopic approach. The magnet was lowered under the bed during the surgical procedure. After the resection was complete, the magnet was raised to its preresection position, all electronic equipment were unplugged again and images were obtained before and after administration of intravenous contrast. Postresection images were compared with preresection images for the presence of residual tumor. If the images were felt to demonstrate residual tumor, re-exploration with the endoscope was performed suing stereotactic navigation to assess and remove any residual tumor.
Assessment of Image Quality
The distortion of the endoscopic images as displayed on the CRT screen was graded as either ЉunaffectedЉ or ЉdistortedЉ by the magnetic field of the IMRI (Fig. 3) . The CRT screen was moved into several positions at a distance of 4 feet from the center of the magnet, where the screen would be comfortably viewed during endoscopic surgery and the distortion was documented with a digital camera.
The quality of the IMRI images were graded as Љpoor,Љ Љuseful,Љ or Љexcellent.Љ ЉPoorЉ images, with little identifiable anatomy, were not usable; ЉusefulЉ images were able to determine if the optic nerve was decompressed and that all suprasellar tumor was removed, but some image distortion or artifact might be present; ЉexcellentЉ were images that could also detect residual intrasellar tumor and had little or no artifact.
RESULTS
Fifteen patients underwent combined endonasal, endoscopic transsphenoidal surgery within the intraoperative MRI ( Table 1) . Patient 3 had a previous microscope-based transsphenoidal resection with documented growth of the residual tumor on serial MRI scans and elevated insulin-like growth factor (IGF-1) as well as acromegalic body features. Patients 7 and 12 were also acromegalic. All other patients had progressive loss of vision. Patient 13 had previous microscope-based transsphenoidal surgery and stereotactic radiosurgery, and presented with a progressive sixth nerve palsy. Because the Polestar N-10 uses a 0.12 T magnet, we were able to use normal endoscopes and endoscopic equipment for the procedure. Titanium scopes were not necessary. The endoscopic equipment was unplugged during image acquisition. During our first surgery, it was clear that the magnetic field distorted the CRT screen and that this effect varied with the placement and orientation of the screen. Before our second surgery we investigated the relative relationship between the CRT screen and the magnet to see if we could eliminate this effect. The mean (standard deviation) duration of surgery was 280 Ϯ 40 minutes, including imaging.
Endoscopic Image Quality
The CRT screen was rotated around the magnet which was placed in its ЉhomeЉ position underneath the OR table (Fig. 3) .
We found that, regardless of the orientation of the CRT screen, the magnetic field distorted not only the spatial homogeneity of the images, but also the color. For this reason, we abandoned the CRT screen and projected the endoscope images on a 42-inch plasma screen (Panasonic TH42PWD5; Matsushita Electric Industrial Co., Osaka, Japan) mounted on the wall of the OR using an S-video cord. The size of the screen and magnification of the image made the distance from the surgeons to the screen irrelevant and visualization was excellent. Using this screen there was no distortion and all images were Љunaffected,Љ regardless of the distance from the magnet (Fig.  3) . We have also found that liquid crystal display screens are unaffected by the magnetic field and are a less expensive alternative to a plasma screen.
IMRI Image Quality
In our earlier experience using IMRI after a standard microsurgical transsphenoidal approach, we found the titanium Hardy retractors (Codman/Johnson & Johnson, Raynham, MA) were poorly designed. Using standard Hardy retractors required removing and replacing the retractors for every image, which was not only tedious, but potentially damaging to the nasal mucosa. Using the endoscopic, endonasal approach, there are no retractors, facilitating the acquisition of IMRI images. The surface coil was placed at the beginning of the case and remained in the same position throughout the operation, which improved the image quality of the postresection images and facilitated comparisons with preresection images. The images were ЉexcellentЉ in six patients and ЉusefulЉ in nine patients (Fig. 4) .
Outcome
There were no intraoperative complications. Residual tumor was identified in three patients using IMRI. A second look with the 45°endoscope confirmed the presence of tumor tucked behind the edge of the dura or within folds of arachnoid, which was resected. In four cases, the IMRI demonstrated possible residual disease that was not found with the endoscope and was thought to be either pooled blood or folds of arachnoid. In eight patients, no residual tumor was found on IMRI, except for expected disease in the cavernous sinus in three of these patients. Five patients had spinal drains placed prophylactically in the OR for significant intraoperative CSF leaks. Patients were followed for a mean of 6 months (minimum, 3 mo). Postoperative 1.5 T MRI scans were obtained immediately after surgery and at 3 months. All patients had evidence of complete removal of their intra-and suprasellar tumor, two of whom had expected residual tumor in the cavernous sinus. Patients were evaluated in the immediate postoperative period, at 1 week, 1 month and 3 months by an endocrinologist. Visual field abnormalities improved in all patients. Of the three patients with elevated IGF-1 and growth hormone levels, two had normal levels at the last follow-up examination (3 and 6 mo) and two patients developed transient diabetes insipidus requiring deamino-8-D-arginine vaso- pressin, one of whom also required temporary steroid replacement. There were no delayed CSF leaks.
DISCUSSION
We report the first series of patients to undergo combined endonasal, endoscopic transsphenoidal surgery using intraoperative MRI for both navigation and assessment of extent of resection. Both techniques offer theoretical advantages in the surgical treatment of pituitary tumors and their combination is inevitable. Technical limitations have impaired the use of endoscopes within close proximity to the magnetic fields required for IMRI. Although titanium endoscopes are available, these are unnecessary when using a low Tesla magnet such as the Polestar N-10 (13). Nevertheless, even 0.12 T is sufficiently strong to interfere with the standard endoscopic CRT screen. We found that, regardless of the position of the screen, the magnetic field interfered with the images when kept within observable distance. At a higher field strength, the interference would be worse. Although it was possible to perform surgery in spite of the color distortions, a better solution was to mount a large plasma screen monitor on the wall of the OR or to use a liquid crystal display screen. We found no image distortion using these solutions. Using the combination of IMRI and endoscopy, we have found that each technique offers unique and complementary information.
Endonasal Endoscopic Approach
The purely endoscopic, endonasal approach to remove a pituitary adenoma was first reported by Jankowski et al. (17) in 1992 and then popularized by Jho and Carau (18), Cappabianca et al. (3) (4) (5) , and others (6, 7, 12, 16, 19, 24, 27, 28) . Advantages over the standard submucosal microscope-based approach include increased visualization of sphenoid and sellar anatomy leading to a reduction in CSF leak and an increase in extent of resection, elimination of nasal packing, preservation of sphenoid mucosa and mucocioliary transport and increase in postoperative patient comfort. Disadvantages are the lack of stereoscopic vision and limited maneuverability using the one nostril approach. We feel the two-nostril approach (24) used at our institution eliminates this latter limitation and the advent of stereoscopic endoscopes will eliminate the former. Moreover, by using both nostrils, two surgeons can introduce four instruments into the operative field in addition to the endoscope. Although most neurosurgeons still use a submucosal, microscope-based approach, the popularity of the endonasal, endoscopic approach is increasing. Long-term follow-up studies are lacking to show that the endonasal, endoscopic approach offers an advantage in completeness of resection but the improved visualization is unquestionable and likely identifies residual tumor unseen with the microscope, particularly when an angled scope is advanced into the sella to look laterally. For this reason, some surgeons perform a standard microscopebased submucosal or endonasal approach and then use the endoscope to identify tumor remnants before closure. In our small series, the endoscope was useful in differentiating actual residual tumor from postresection blood products demonstrated by the IMRI. We also report finding residual tumor in only three out of 15 (15%) of patients using IMRI, which is lower than is found after microscope-based resections (see below). Although our series is small, we attribute an increased extent of resection to the improved visualization provided by the endoscope.
IMRI
Several imaging modalities have been used to assist in intraoperative navigation and assessment of extent resection during transsphenoidal pituitary surgery including fluoroscopy (15), gas cisternography (21), computed tomographic scanning (22) ultrasonography (9), and frameless stereotaxy (10) . IMRI was introduced into the practice of neurosurgery by Black et al. (1) at Brigham and Woman's Hospital in 1994. Since that time, several groups have reported on the efficacy of IMRI in the surgical treatment of pituitary adenomas (2, 11, 20, 23) . Because MRI is currently the best noninvasive method for visualizing the relationship between the pituitary tumor and surrounding normal anatomy, the ability to have real-time MRI images during surgery is a valuable adjunct in assessing the extent of resection and preventing postresection hematomas. In the series by Pergolizzi et al. (23) , using a 0.5 T magnet, seven out of 17 patients had residual tumor identified by IMRI, which was then resected during the initial operation. Fahlbusch et al. (11) used a 0.2 T magnet and although they only obtained adequate images in 73% of 44 patients, residual tumor was identified in 34% resulting in removal of additional tumor not appreciated during the initial resection. Bohinski et al. (2) reported 30 patients who were imaged using a 0.3 T magnet, of which 66% had residual tumor discovered with IMRI after initial resection. In all cases, the authors used an MRI-compatible speculum for retraction and a microscope for visualization.
In our study, residual tumor was discovered in only 15% of cases on the IMRI. This number is smaller than has been reported with microscope-based surgeries. In fact, these three cases occurred early in our series. Later, when our proficiency with the endoscopic technique improved and we became more aggressive about advancing angled scopes within and above the sella, we did not find residual tumor with the IMRI. Although we feel that the increased visualization provided by the endoscope permitted a more complete removal, it is also possible that the lower magnetic field strength was not sufficient to completely visualize residual disease. However, imaging at 3 months with a 1.5 T MRI did not reveal additional tumor missed with the lower field magnet. A larger series will be required to confirm this impression.
Advantages of the Combined Endonasal Endoscopic and IMRI Approach
We found that the advantages afforded by endoscopy and IMRI were non-overlapping when used in combination. In three of our patients, residual tumor was discovered by IMRI which was originally not appreciated during endoscopic resection, but was later confirmed with the endoscope. However, in four other patients, the IMRI overcalled the presence of residual tumor, and the absence of tumor was determined with direct endoscopic visualization. Certainly, endoscopy cannot see past opaque surfaces like IMRI. On the other hand, there is no substitute for direct visualization, particularly because postresection IMRI images can be ambiguous with lowfield magnets. We found direct visualization to be better at differentiating residual tumor from postresection blood and artifact from hemostatic agents in the operative field. Thus, IMRI and endoscopy offered different and complimentary information. However, while low-field IMRI is generally only useful in ensuring removal of suprasellar tumor, the endoscope is useful for both intra-and suprasellar tumor.
Limitations
The image quality provided by a 0.12 T IMRI is not as clear as with higher-Tesla magnets (26) . Hence, we have only found low-field IMRI helpful in visualizing suprasellar extension of macroadenomas. In addition, the limited field of view can be disorienting. However, we found the quality of the images to be adequate and clearly sufficient to determine the extent of resection of suprasellar tumor. Interpretation of intraoperative images can be challenging, similar to early postoperative images, since blood and hemostatic agents within the operative field can be misleading. Endoscopic procedures tend to require more meticulous hemostasis to improve visualization, which renders the intraoperative images easier to interpret. Whether image quality is sufficient with a low Tesla magnet to visualize small remnants of residual intrasellar tumor is unknown and will be the subject of a larger study. With the Polestar N-10, the field-of-view, although limited, was large enough to include the sellar, suprasellar, and nasopharyngeal spaces for navigation during the approach and resection. In addition, the use of the IMRI clearly added significant length to the operation. However, as the ancillary staff within the operating room became more familiar with the procedures required for intraoperative imaging, the time required decreased and the additional time under anesthesia did not appear to add incremental morbidity. Finally, because the follow-up period was limited in the preliminary report, the overall impact of these novel technologies on long-term outcome will clearly require more time.
CONCLUSIONS
We present our initial experience in combining IMRI and endonasal endoscopy for resecting pituitary macroadenomas. Although the magnetic field can distort the CRT images, the use of a plasma screen is a useful method for overcoming this distortion effect. From our preliminary experience, we feel that both IMRI and endoscopy offer unique and complementary advantages and the combination of IMRI and endoscopy will become the state of the art in pituitary surgery in the near future. In this small series using a low-field magnet, residual tumor was discovered less frequently on IMRI using the endoscopic approach compared with rates of residual tumor after microscope-based resections.
